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Resveratrol inhibits T090-induced triglyceride accumulation in primary
hepatocytes.
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genes.
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Sestrin2 levels were down-regulated in HFD-induced fatty liver.
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ABSTRACT

The effect of resveratrol on LXRa-induced lipogenesis via

Sestrin2 gene induction

Jin, So Hee
Adviser: Prof. Ki, Sung Hwan, Ph.D.
College of Pharmacy

Graduate School of Chosun University

Liver X receptor-o. (LXRa), a member of the nuclear receptor superfamily of ligand-
activated transcription factor, regulates de novo fatty acid synthesis that leads to stimulate
hepatic steatosis. Although, resveratrol, a polyphenol in grapes, has beneficial effects on
metabolic disease, but it is not known whether resveratrol affects LXRa-dependent lipogenic
gene expression. This study investigated the effect of resveratrol in LXRa-mediated
lipogenesis and the identification of the molecular mechanism. Resveratrol treatment
attenuated LXRo agonist (T0901317)-mediated hepatic fat accumulation in primary
hepatocytes. Resveratrol inhibited the ability of LXRa to activate sterol regulatory element
binding protein-1¢ (SREBP-1c¢) and thereby target genes expression (e.g., FAS, ACC, SCD-1)
in hepatocytes. Moreover, resveratrol decreased LXRa-RXRo DNA binding activity and
LXRE-luciferase (CYP7A1l) transactivation. Resveratrol was known to activate Sirtuin 1
(Sirtl) and AMP-activated protein kinase (AMPK) although precise mechanism of action
remains controversial yet. We found that the ability of resveratrol to repress T0901317-induced

SREBP-1c¢ expression was not dependent on SIRT1 and AMPK activation. Treatment of



chemical inhibitor or overexpression of dominant negative mutant plasmid fails to reverse
resveratrol-mediated effects on LXRa-mediated SREBP-1c¢ suppression. It is well established
that hepatic steatosis is associated with antioxidant and redox signaling. Surprisingly, novel
antioxidant protein sestrin2 expression is significantly down-regulated in the livers of high fat
diet-fed mice compare to normal chow-fed diet. Morevover, resveratrol up-regulated sestrin2
expression, but not sestrinl and sestrin3 expression. Sestrin2 overexpression repressed LXRa-
activated SREBP-1c expression and LXRE-luciferase activity, suggesting that involvement of
sestrin2 in the LXRo-mediated lipogenic gene expression. Our results showing that resveratrol
has an effect of ses#rin2 gene induction and contributing to the inhibition of LXRa -mediated

hepatic lipogenesis.
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OIE2S2|0t0lA superoxide & hydrogen peroxide &0| &It &0 US0l 04
Xtell 210 &= ot JACH15,16]. £t 8l L2SH X2t SXHAHAME  glutathione
level, Superoxide dismutase(SOD) &4& Z12l1) Furric reducing ability of plasma
(FRAP)S2| &tdtat 49 240l AN =0 AS0l 210& Hb ACH17]. =2

o
ju—

A0 25tH Sestrins(Sesns)2 MZ2 Sdtst SEXNZE AHEUCH  Sesns

i

Mot S, DNA &4, hydrogen peroxide S2 21F AE AN 2o S0 AIE

S, o,

P SEHCH [18,19]. 2 HTRO0 A= Resveratrol 0l 28t LXRo-2/&=H 2t K& M4
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SREBP-1¢ Antibody = Santa Cruz Biotechnology(Santa Cruz, CA)UHIAl & 35tXUALCtH
Anti-B-actin antibody, anti-c-myc antibody, resveratrol, daidzein, genistein and GW3965=
Sigma(St. Louis, MO)UIAl 2 3tACH Anti-FAS antibody, Anti-ACC antibody= Cell
Signaling(Beverly, MA)Ol M = & Gt R Ct. Sestrin2 antibody= Proteinteck(Chicago, IL) 0l A
A ASHARCE T0901317(T090), compound Ci= Calbiochem(San Diego, CA)MIAM &
ot AL

2. &8 NIEZ> i

HepG2 MIE = ATCC (American Type Culture Collection, Manassas, VA)Oll A =2 & Gt 04

10% FBS(Fetal Bovine Serum), 50 units/ml penicilin 2 50 g/ml streptomycin 0| & =&
Dulbecco's modified Eagle's medium(DMEM)OIA 37C & 5% CO. &2 GHOIM
BHLSIACEH A Z&Ol & 70~80%2 LEE (&= SHRULCH
3. Primary 2N 22|

E0ot0 Ot AlZ2I 5 SZHEHUA 28 S0

a
=
=
> %0
FIF
=N
a
ruTo

HEHE AABIACH. 2+ 0.05% collagenasedt Z &S HRSSE 202, Ca?t 10
ml/min2 HIEZ &F AL, 2FF J0d 2t2 EZ2E PBSZ NEZ= et
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IS A= Charles River Orient (Seoul, Korea) I M HSEUA2H, 1

0
SO 25T 2E0l HSAIUCE H&AOl(normal diet) 2 1 X240 (high-fat diet) 2

83 St &Al oL 2t ZHMES S0 Sestrin mRNA & HHE [evels FE



5. Immunoblot =4 &
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CHEH A2 Mighty Small I SE 250 & X|(Hoefer, Inc., San
Francisco, CA)E 0| &0t sodium dodecylsulfate (SDS)-polyacrylamide gel electrophoresis
(SDS-PAGE) 212102 22| 5IUCH21]. AIZZ AIZBIASAEM [pH 6.8 Tris, 10%
glycerol, 2% SDS, 5% B-mercaptoethanol, 0.0013% bromophenolblue ] 0l 3|46t 7.5%2)

HES AMESHH MI| 2FH(0.12 M Tris, 0.96M glycine, 0.5% SDS)LHOIA &MIISS
OfLCH MJ| H=01 2H 22 MI|gds MEEHXE 0/|E0tH MOl 225 H25 mM

Tris, 192 mM glycine, 20% v/v methanol, pH 8.3)LHOIA 190 mA 2 1AIZ2} 102 S¢t

nitrocelluloseX| 0l SHEHAES HMOIAIZCH 2Eold= AN 81X X2t

BtS A2l = 0|0 Horseradish peroxidase(HRP)2} Z & & U= 2X M2t 1A12¢
BtE A1 ECL chemiluminescence (Amersham Biosciences, Bucking hamshire, UK)S
0l Zot0 ZAGHRALCE

6. 8 0ls =44

SREBP1-1c binding site(5'-AGT TGA GGG GAC TTT CCC AGG C-3)2 0|sZ&
DNA probeE AF23I D probe= [y°PJATP 2 T4 polynucleotide kinase2 H XI5+ L.
20% glycerol 5 mM MgCl,, 250 mM NaCl, 2.5 mM dithiothreitol, 0.25 mg/ml poly(dl-dC)
and 50 mM Tris-Cl (PH 7.5)€ X &3t= 5X binding buffer?t 15-30 pugll = 222 1

=

ule probe (10%pm)2t 3022t AUA BI2AIZCH MES 49% polyacrylamide

=
HOIM 100Ve HUOR 22ITACH 1, AX 2 YASS =7

ol
3%
a
IS

7. A2 AL S &4 HY BHSE (Real-time RT-PCR)
Z mRNAE Trizol(Invitrogen, Carlsbad, CA)2 AFE30] M EZ ALl HEZLHZ [t
Z0lCH 1 pgll RNAQF AEAL &4 Z2t0|H oligo(dT)is 2 AF20I0 ¢cDNAS

J

il

A5t ULt ¢cDNAE thermal cycler(Bio-rad, Hercules, CA)E 0| &0 &= AlZiCh. Real-
time PCR 2 STEP ONE(Applied Biosystems, Foster City, CA)Z} SYBR green
premix(Applied Biosystems)S OI&6t0 KIZALS] XIAlE &0 Oet =oAL
Zgt2 glyceraldehyde-3-phosphate  dehydrogenase(GAPDH)2| AICHE QI gte =2

2HoIALE. SEE &4=2 S0/E2 melting curve =4S So6t0 2 QIGHRAUCEH DNA



SE0 AFEE primer= CtS1H 2Ch

Gene Sequence
human SREBP-1 (sense) CGACATCGAAGACATGCTTCAG
(antisense) GGAAGGCTTCAAGAGAGGAGC
human FAS (sense) GACATCGTCCATTCGTTTGTG
(antisense) CGGATCACCTTCTTGAGCTCC
human ACCl1 (sense) GCTGCTCGGATCACTAGTGAA
(antisense) CGGATCACCTTCTTGAGCTCC
human SCD-1 (sense) CCTCTACTTGGAAGACGACATTCGC
(antisense) GCAGCCGAGCTTTGTAAGAGCGGT
human LXRa (sense) GATCGAGGTGATGCTTCTGGAG
(antisense) CCCTGCTTTGGCAAAGTCTTC
human Sesn [ (sense) CTTCTGGAGGCAGTTCAAGC
(antisense) TGAATGGCAGCCTGTCTTCAC
human Sesn2 (sense) AAGCTCGGAATTAATGTGCC
(antisense) CTCACACCATTAAGCATGGAG
human Sesn3 (sense) GTTCACTGTATGTTTGGAATCAGG
(antisense) GGGTGATACTTCAGGTCAAATG
mouse Sesn [ (sense) GGACGAGGAACTTGGAATCA
(antisense) ATGCATCTGTGCGTCTTCAC
mouse Sesn2 (sense) TAGCCTGCAGCCTCACCTAT
(antisense) TATCTGATGCCAAAGACGCA

8. Transfection
2 AEao s YEH Oet lipofectamine2000 Al2%ES  AFE3HO  HepG2
MIEZ==0f transfection OtAUCH M ZoHE LHEl luciferase &4 2 luminometer(Promega,

Madison, WDE AtE0t0H =ZEGHRULH

9. OilRed O &EAH
Primary OFA 2HMIEZE PBS 2 MESH & 4% EZ2Zel SEHOZ (AI2H S¢t

A20A DAL DEE AEZE Oil red O2 A 20A 1AI2E S = PBSE



MESID AXAHA ZSH0IZL2 M FEE 2EHGIQUCH ME o X&E Md
HT= 2 well0fl 300 pl isopropanolE2 €& = 202 =0t &2 226t Oil Red

10. SAHXC
CIOIEHE 8z +SE 2 HIIGIALH SHE R2ALE2 p<0.05, p<0.01= =22

ot A L.
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1. Primary hepatocyte % HepG2 ANIZ O A ResveratrolOfl &/&t X[& ==
2 SREBP-1¢c £8 RS

2 A E0lA= Primary mice 2tHIEZE O E0tH resveratrol2| XI&EZHN st &

o

&S EILoHRA L. Primary mice Z2HAIXZ 0Nl resveratrol 1AI2 & X2l & LXRa-agonist®!
T090S Xclotd 24A12F BHZGIRS [, NIEXMEIL SIHEULD 0l resveratrolOl
=& JEHCR ANcte XE MASH0IB2= 2EOIRUCKHFig 1A). A 22 &
= KNEE S0H22 BMG= Oil red O SMANE SHAE 2F = UCHFig.
1B). LXRa0ll oIl &4sis=

INEI RS0 Ol= resveratrol0l 2l 6H0

I
el

rl

SFAIQI SREBP-lc 280l T0900 2510 =
oI Ml = 2ACHFig. 1C)

CIS2 HepG2 MIE F=E 0|20t Fig 11t &2 YHo2 Al X2l ¥ SREBP-
lc A g HAE RAMXO ACC, FAS, SCD-1 mRNA levelE 2t & 0HACH T090
Ol ool =JI=l SREBP-1¢ SHEHA! 2 mRNAJ} resveratrol s & SI&EXHOZ S

Xl €l ACHFig. 2A and 2B). pGL2-FAS £ transfection Al2! & T0900{ 2|8t resveratrol

Ol S 1ItE FAS luciferase activityS SoH = IOHACE TO90X 2l0l 2/6tKH luciferase
activity )} SIHEI U2 resveratrol0] 0I1E S 2AH 2 A6t CHFig. 2C). FAS, ACC
CHeR X & 8t resveratrol X clOl 2ot &Ml & AUCHFig. 2D). THE ZCH=F

A= EE T090 =E= QI8 SREBP-Ic 280l FE&= 0IX=AX =Ql ot
HepG2 AIZEO 2212l 2=S 30 uM & X2l = T090S Xl ot SREBP-1c HEM

2 ¢s LS =0 ofULt BIt= resveratrol0l CHE 4= S0 Hiol O sHHQI

2. LXRoEA I LXRa A=E S MAIFE0N 2§ Resveratrol2
S| k=an;

ResveratrolE M X2l o0 LXRa &S 2E0IALE LXRo mRNA levelOl T090 X
X0l 2I5tH SIHERA2M resveratrol s& 2 o=z AN & AUCHFig. 3A). LXREZ
oligonucleotideE A&t gel shift assaysE St Z I LXRo-RXRo complex It

LXRE binding site0il Z&Z/H DNAZ &0l SIEI A LD resveratrol0l O|E M ot



0x

Ch(Fig. 3B). LXRE &0l 2|8t resveratrol2l 255 2Z&06tJ| ?IoH resveratrol 8 X
2l & LXRo-RXRo2 I SH(Fig. 3C. left)y L= T090X X|(Fig. 3C. right) 5t0{ LXRE

2 2ESIFLCH & 20 25 resveratrolOl 2/aH A

0x

o

T
tol

promoter luciferase &

I 4 Ch(Fig. 3C).

3. TS EZ QI8 SREBP-1c &8 1l Resveratrol2l AMPK, SIRT1 H|
o EH
L2292 = resveratrol? FT&E 22|80/ SIRT/AMPKAISE HHEe=2

resveratrol0fl 2|8t LXRa 2/Z4 SREBP-l1c M0 U0 SIRT/AMPK 2 HEE &

EStAUCH AMPK 2 A A Q! Compound C[23]2t Dominant negative mutant(DN-AMPK)
NS Soi 2EE Z W resveratrol®il 2|8 SREBP-1c Z&ANIL 015 XM XIO
|Gt BHMEI Xl 4UCH (Fig. 4A). Ol = resveratrolOff 2/8F SREBP-1¢ & Ml 2F AMPK
ASI 222 BHECE £8F SIRTI MM Q! Sirtinol[22] It NicotinamideE X
2l8t = resveratrolOff 2|8t SREBP-lc &AMt ==% X L ULCH (Fig. 4B). 0|2
22 Z = resveratrol®l 2|8 AMPK2H SIRTIS| E4d3st=E T090 &2 I8t

SREBP-1c &8 MU &S =X RES AlAtetCh

4. Sestrin22| DX|YAIQ|Z QIE X2t X

NS 2 sMotdE AEYH A, AStER MS AN UCH15,24]. Ol AR
O mEe EAS SENYS OHI O YISH NS Y U WY N
N 2AHAO0| JUCHD LAMN UCH25]. C57BL/6 micelfl 8F S2F DX LA 0|2 &HAHA

u[o
Jor
e
ol
0 =
Q
N
Paa
0z
Jz
o

|2 OIA= Sesn2 mRNA levelO| HAAIOQIZ0I HIGHH 2
Ash BHHO, SesnI2 HSOHA 2 QUCHFig. 5A). 22 M ZZ ImmunoblotS £ &t

Z 1 Sesn2 THHE HE Got A= A2 02l ot ChFig. 5B).
5. Resveratrol0il 2|8t Sesn22s S

Ol A2Z 0 2ot ehdtstile N2t dY H g It AS0l 2HM

UCH HepG2 MIZOll resveratrol2 AlZ2td =& SIEHCZ Xelot0 Immunoblot2

10



QAL

Eoll Sesn2 SHHHA 9bS

2AI2F0HI A Sesn2 &8 0| JFA

ResveratrolS X2l 6t

= QUL (Fig. 6A). Resveratrol X 2| 3Al2t

= M 6AI2+t
< RT-PCR

FAZ D Sesn2 mRNA level0l s& AEHCZ SOt TI/ULE Lt Sesnidt Sesn3
LU= HIIt AUCKFig. 6B). Sesn2 promoterS transfectionF resveratrol® =%
=22 XMl oFALL Resveratrol =& 2AEHOZ Sesn2 promoter It St &= AS
20l Gt CH(Fig. 6C). Ol= resveratrolO| Sesn2Z2 2 R &2 2|0IStC.

6. Sestrin20|l 2|8t LXRa2Z=ZX SREBP-1c

Resveratroltfl 2lol S &= Sesn20|l TO90XI=2=

. Sesn2E 24A|2t

g A2 2

§9
o

11

Z 1 SREBP-1¢c 28 0| Sesn2s= 2

t(Fig. 7B). Ol= Sesn2Z &2
o Mer S 2l0|8tCt.

2SS AKX
S5l =It= SREBP-1c24 0| &
Sob Wegs = T0902 HMelso
=Moo ZA HU

It LXRo/RXRalll 2o &I+=! LXRE luciferase

SIt LXRo E4&3tE2 Q16
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Figurel. Resveratrol inhibits T090-induced triglyceride accumulation in primary

hepatocytes.

A) Morphological characterization of primary hepatocytes under phase contrast of microscopy.
After 24 h of incubation with T0901317 (T090, 10 uM) following resveratrol (Res) pretreatment
(1 h), cells were observed and morphological changes were investigated using a phase contrast

microscope.

B) Oil Red O staining. Primary hepatocytes were incubated with T090 for 24 h following Res
pretreatment (1 h). Cells were fixed and stained with Oil red O and observed under a microscope.
The Oil Red O stained cells were treated with isopropanol for the extraction of the dye, and the
absorbance at 450 nm was measured. Data represent the mean + S.E. of 4 replicates; the
statistical significance of differences between each treatment group and the control (#p<0.05,

#5<0.01) or TO90 without resveratrol (**p<0.01) was determined.
C) Effect of resveratrol on T090-induced SREBP-1¢ induction. Immunoblots were performed

on the lysates of primary hepatocytes treated with resveratrol for 1 h with with subsequent

exposure to T090 for 12 h.
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Figure2. Resveratrol inhibits T090-induced SREBP-1c induction and its target genes.

A) Immunoblots were performed on the lysates of cells treated with resveratrol for 1 h with

subsequent exposure to T090 (upper) or GW3965 (10 uM) for 12 h.

B) Real-time RT-PCR assays. HepG2 cells were treated with vehicle or T090 in combination
with resveratrol for 12 h. The transcripts of lipogenic genes were analyzed by real-time RT-PCR
assays, with the mRNA level of GAPDH used as a normalizing reference. Data represent the
mean * S.E. of 4 replicates. The statistical significance of differences between each treatment
group and the control (*p<0.01) or T090 without resveratrol (*p<0.05, **p<0.01) was

determined.

C) Resveratrol inhibition of T090-induced FAS gene transactivation. FAS luciferase activi
ty was assessed on the lysates of HepG2 cells that had been treated as described in the
legend to Figure 2B. The statistical significance of differences between each treatment

group and the control (*p<0.01) or T090 alone (**p<0.01) was determined.
D) The effects of resveratrol on the induction of FAS and ACC by T090. FAS and AC
C were immunoblotted from the lysates of HepG2 cells treated with TO90 for 12 h follo

wing a resveratrol pretreatment (1 h).

E) Immunoblots were performed on the lysates of cells treated with resveratrol, daidzein or

genistein for 1 h with subsequent exposure to T090 for 12 h.
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Figure3. Resveratrol inhibits LXRa activation and LXRa-dependent LXRE-

luciferase activity.

A) Real-time RT-PCR assays. HepG2 cells were treated as described in the legend to F
igure 2B. LXRa mRNA was analyzed by real-time RT-PCR assays. The statistical signif
icance of differences between each treatment group and the control ("p<0.05) or T090

without resveratrol (**p<0.01) was determined.

B) Gel shift analysis of LXRa and RXRa binding to the LXRE binding site. HepG2 ce
lls were treated with Resveratrol for 3 h after transfection of plasmids encoding for LX

Ra and RXRo.

C) LXRE-luciferase activity. LXRE-luciferase transactivation was determined from the ly

sates of HepG2 cells treated with T0O90 for 12 hours and/or resveratrol pretreatment for
1 h (left). LXRE luciferase activity was measured in the lysates of HepG2 cells treated
with resveratrol for 12 h after transfection of plasmids encoding for LXRa and RXRa

(right). The statistical significance of differences between each treatment group and the

control (*p<0.05, **p<0.01) or T0O90 or LXRa and RXRa transfection without resveratrol
('p<0.05, ¥p<0.01) was determined.
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Figure4. Resveratrol’s effects on LXRa-mediated SREBP-1¢ repression were

independent on SIRT1 and AMPK activation.

A) The role of AMPK in SREBP-1c repression by resveratrol. SREBP-1¢ was immunoblotted
from the lysates of cell populations treated with TO90 or T090 plus resveratrol (30 uM) for 12 h
after AMPK inhibitor compound C (5 pM) pretreatment for 1 h (left) or transfection of plasmids
encoding for DN-AMPK (right). Data represent the mean + S.E. of 3 replicates; the statistical
significance of differences between each treatment group and the control (*p<0.05, **p<0.01) or

T090 alone or DN-AMPK transfection without resveratrol (##p<0.0 1) was determined.

B) The role of Sirtl in SREBP-1c repression by resveratrol. SREBP-1¢ was immunoblotted
from the lysates of cell populations treated T090 or T090 plus resveratrol (30 uM) for 12 h after
Sirtl inhibitor Sirtinol (10 uM) or nicotinamide (NAM, 10 mM) pretreatment for 1 h. Data
represent the mean = S.E. of 3 replicates; the statistical significance of differences between each
treatment group and the control (**p<0.01) or T090 alone or DN-AMPK transfection without

resveratrol (*p<0.01) was determined.
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FigureS. Sestrin2 levels were down-regulated in HFD-induced fatty liver.

A) Real-time PCR assays for sestrin (sesn) mRNA. Male C57BL/6 mice were fed on either a
normal diet (ND) or high-fat diet (HFD) for 8 weeks. The mRNA level of GAPDH was used as

a reference for data normalization.

B) Representative immunoblot analysis for Sesn2 in the homogenates of liver tissue. Data
represent the mean + S.E. of all mice; the statistical significance of differences between ND and

HFD-fed mice (**P < 0.01).
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Figure6. Resveratrol up-regulated the expression of Sesn2 in hepatocytes.

A) The effect of resveratrol on the expression of Sesn2 in hepatocytes. Sesn2 protein was
immunoblotted in the lysates of cells incubated with 30 uM of resveratrol for 1-12 h (upper) or
30 uM of resveratrol for 12 h.

B) HepG2 cells were treated with resveratrol for 3 hours. The transcripts of Sesn2 (upper), Sesnl
(middle) and Sesn3 (lower) genes were analyzed by RT-PCR assays.

C) Increase in Sesn2 transactivation by resveratrol. Sesn2 luciferase assays were performed on
the lysates of cells exposed to 10 or 30 uM resveratrol in HepG2 cells. Data represent the mean
+ S.E. of four separate experiments; the statistical significance of differences between each

treatment group and the control (**P < 0.01).
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Figure7. The role of Sesn2 in the LXRa-mediated SREBP-1c¢ induction.

A) SREBP-1¢ was immunoblotted from the lysates of cell populations treated with T090
following Sesn2 transfection for 24 h. The statistical significance of differences between
each treatment group and the control (p<0.05, #p<0.01) or T090 alone (*p<0.05, **p<0.

01) was determined

B) LXRE-luciferase activity. LXRE luciferase activity was measured in the lysates in H
epG2 cells after transfection of plasmids encoding for LXRa and RXRa. The statistical
significance of differences between each treatment group and the mock treansfected (##

p<0.01) or LXRa and RXRa transfected (*p<0.05, **p<0.01) was determined.
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